Helical junctions are common architectural features in RNA. They are particularly important in autonomously folding molecules, as exemplified by the hairpin ribozyme. We have used single-molecule fluorescence spectroscopy to study the dynamic properties of the perfect (4H) four-way helical junction derived from the hairpin ribozyme. In the presence of Mg 2þ , the junction samples parallel and antiparallel conformations and both stacking conformers, with a bias towards one antiparallel stacking conformer. There is continual interconversion between the forms, such that there are several transitions per second under physiological conditions. Our data suggest that interconversion proceeds via an open intermediate with reduced cation binding in which coaxial stacking between helices is disrupted. The rate of interconversion becomes slower at higher Mg 2þ concentrations, yet the activation barrier decreases under these conditions, indicating that entropic effects are important. Transitions also occur in the presence of Na þ only; however, the coaxial stacking appears incomplete under these conditions. The polymorphic and dynamic character of the four-way RNA junction provides a source of structural diversity, from which particular conformations required for biological function might be stabilised by additional RNA interactions or protein binding.
Introduction
Helical junctions are very common in natural RNA species. For example, 18 three-way and fourway junctions are present in the structure of 23 S rRNA within the 50 S ribosomal subunit. Junctions are frequently found in small, autonomously folding RNA species, where they exert a powerful influence on the folding of the RNA. This is exemplified by the nucleolytic ribozymes, where the hairpin ribozyme contains an important fourway junction, 1 -5 and the hammerhead 6, 7 and VS ribozymes 8 have one and two three-way junctions, respectively.
Helical junctions in nucleic acids are classed according to the number of helical arms, and by the presence or absence of additional unpaired nucleotides present at the branchpoint. 9 The simplest four-way helical junction (a 4H junction 9 ) has fully base-paired helices with no additional unpaired bases; in DNA this is often referred to as a Holliday junction. 10 Four-way junctions adopt a compact fold by pairwise coaxial stacking of helices. 11 While this requires the binding of metal ions for DNA junctions, 12, 13 no stable unstacked conformation has been detected for any 4H RNA junction studied.
14 Formation of a stacked structure lowers the symmetry of the junction from 4-fold to 2-fold, and thus creates two distinguishable kinds of strand. Continuous strands turn around a single axis running through the coaxially stacked helices, while exchanging strands cross between the two coaxial pairs at the point of strand exchange.
In principle, 4H junctions can adopt a number of different conformations depending upon local base sequence and conditions, summarised in Figure 1. (1) There are two ways in which the arms can be paired for stacking. Arm A could be stacked coaxially upon arm B (and thus arm D on C), or alternatively arm D could stack with arm A (and hence C with B). These are distinct conformers of the junctions, which we refer to as stacking conformers. (2) We can distinguish between different relative orientations of the two stacked helical pairs. These are depicted in their extreme forms in Figure 1 . In the antiparallel forms, the polarity of the continuous strands run in opposite directions, while in the parallel forms they have the same direction. This property can be considered to be a rotation of one stacked helical pair relative to the other, and could take any angle between the parallel and antiparallel forms. Generally the axes would subtend some intermediate angle, which would be closer to one form or the other, but not necessarily side-by-side. If the angle is exactly 908, then the structure is neither parallel nor antiparallel. (3) If the helices are not side-by-side, then there is a third property that must be considered, that of handedness. Since the two axes are displaced laterally by the width of a helix, both right and left-handed forms of any X-shaped conformation are theoretically possible.
Thus in total we can envision eight different possible conformational forms of a 4H junction. A DNA 4H junction has a strong propensity to adopt a right-handed, antiparallel conformation. 12, 13 However, two alternative stacking conformers are still possible, which can be more or less biased towards one form depending on the sequence. We have recently shown that there is continual exchange between stacking conformers in DNA junctions. 15 Much less is currently known about the conformational possibilities and propensities in RNA 4H junctions, yet this information is important if we are to understand the contribution of these motifs to the structure and folding of RNA containing them. A good example is the 4H junction that is an integral part of the hairpin ribozyme. 1 -5 The active site of the ribozyme is created by the intimate interaction between two internal loops, that are present on two adjacent arms of the fourway junction. Although the ribozyme is active in the absence of the junction, 16 its presence accelerates the ion-induced folding of the ribozyme by 500-fold, 5 and reduces the required ionic concentration by three orders of magnitude and thus allows folding to proceed under physiological conditions. 1, 2, 4 We have therefore sought to understand the conformational properties of this junction in the absence of the loops, i.e. as a simple 4H junction. We have previously used fluorescence resonance energy transfer (FRET) between donoracceptor fluorophore pairs attached to the ends of different helices as a means of analysing the conformation and transitions of junctions. 17 However, because potential interconversion processes between the conformations illustrated in Figure 1 cannot be synchronised, we have used singlemolecule FRET spectroscopy 18 to analyse the presence of the different conformers, and their rates of interconversion. This technique has proved to be very useful in revealing detailed kinetic information for RNA folding and catalysis. 5,19 -21 Single-molecule FRET analysis of the RNA fourway junction has revealed a rich conformational landscape populated by parallel and antiparallel forms of the junction, and both stacking conformers. These undergo continual dynamic interconversion processes. RNA four-way junctions are therefore structurally highly polymorphic, which must be taken into account in considering the folding properties of large RNA species. 
Results
Analysis of conformational forms in a four-way RNA junction
We have studied the simple 4H junction derived from the hairpin ribozyme, with four perfectly base-paired arms. The arms are named A through D sequentially around the junction, in the conventional manner (Figure 1) . 1 We have analysed FRET between donor (Cy3) and acceptor (Cy5) fluorophores terminally attached to different helical arms of the junction in order to distinguish the various possible conformations of the junction shown schematically in Figure 1 . Fluorescent vectors are named according to the arms carrying the donor and acceptor in that order; for example the vector DB carries Cy3 on the 5 0 end of the D arm, and Cy5 on the 5 0 end of the B arm. We have used three such vectors in this study, AB, DB and AD. These were chosen to report on the various possible conformations of the junction discussed above.
AB vector, antiparallel D on A conformer
This is illustrated in Figure 1 . It can be seen that the donor-acceptor pair should only be physically close (and therefore result in elevated energy transfer between the fluorophores) for the antiparallel conformer of the D on A stacked form. Either rotation to the parallel form, or conversion to the alternative (A on B) stacking conformer leads to separation of the fluorophores, and thus lowered FRET efficiency.
AD vector, antiparallel A on B conformer
The fluorophores will only be close in the antiparallel form of the alternative stacking conformer with A on B stacking.
DB vector, parallel conformers
In this vector the fluorophores will be close in either of the parallel forms. It will thus distinguish parallel conformers (as a group), but not which stacking conformer is present.
The four conformers that are detected by the high-FRET efficiency forms of the three vectors should form a complete set of pairwise, coaxially stacked species. Note that this approach does not distinguish between right and left-handed forms of these conformers. The following experiments have been performed using single-molecule FRET approaches, with the junctions immobilised onto a glass surface via biotin covalently attached to the 5 0 terminus of the C arm in each case.
Presence and interconversion of multiple conformations of the RNA junction
We have studied the conformation of the hairpin junction by single-molecule FRET analysis using the three vectors AB, DB and AD. Experiments were performed in the presence of 20 mM MgCl 2 , 50 mM NaCl at 9 8C. Representative time traces for the three vectors are shown in Figure 2 . All three exhibit two-state fluctuations in FRET efficiency ðE app Þ between , 0.4 and , 0.1. In each case, the higher value corresponds to a conformation that places the two fluorophores relatively close together in space. We therefore conclude that the junction has significant populations of antiparallel D-on-A conformer (high FRET AB vector), antiparallel A-on-B conformer (high FRET AD vector), and either or both parallel conformers (high FRET DB vector).
The transitions between high and low FRET states indicate the existence of a dynamic equilibrium between these alternative conformations of the junction. Figure 3 shows histograms of the dwell times (t High and t Low ) for the high and low FRET states of the three vectors. Single exponential decay fits yield the forward (k f ¼ 1=t Low : low to high FRET) and backward (k b ¼ 1=t High : high to low FRET) rate constants (Table 1) . From these rate constants, we can calculate the probabilities with which the junction remains in the state with high FRET for each vector,
If the junction adopts a pairwise coaxially stacked structure (illustrated in Figure 1 ), the high FRET states of the three vectors should be mutually Conformations of RNA Junctions exclusive and form a complete set. Therefore, the sum of the three probabilities ðP total ¼ P High;AB þ P High;AD þ P High;DB Þ should be 100%. The result is 99% based on the rate constants determined by fitting the dwell time histograms. We can also determine P High values by adding all dwell times together and taking the ratio, P High ¼ P t High =ð P t High þ P t Low Þ; and P total thus obtained is 96%. This is therefore consistent with a model in which the helices are essentially fully stacked in pairs under the conditions of the experiment. This result is also consistent with previous studies that showed stacking was preserved at all Mg 2þ concentrations, with a dominant antiparallel D-on-A stacked structure in the presence of 20 mM Mg 2þ .
1,22
Dependence of the rates of conformer transition on magnesium ion concentration
Rates k f and k b have been measured for all three vectors for Mg 2þ concentrations over the range from 1 mM to 100 mM ( Figure 4 ). While the ratios of the two rate constants do not change significantly as a function of Mg 2þ concentration, the rates themselves change by a factor of more than 20, becoming slower at higher Mg 2þ concentrations as we have reported previously for the AB vector. Figure 5(c) ). In agreement with previous single-molecule studies, 5 we also observed a small increase in P High_AB with increasing Mg 2þ concentration ( Figure 5(d) ). Overall, both of these effects, conformer bias change and interhelical angle change, combine to produce the ensemble FRET increase of the AB vector with increasing Mg 2þ concentration.
Temperature dependence of transition rates
In order to understand the nature of the free energy barriers for the conformational transitions, we performed temperature dependence studies of The rate constants were calculated by fitting the dwell time histograms (as shown in Figure 3 ) with single-exponential functions. The probabilities of a vector being in the high-FRET state were obtained in two ways, as described in the text. Activation enthalpies were measured from the temperature dependence of transition rates, as shown in Figure 6 . the transition rates for all three vectors in 20 mM MgCl 2 , 50 mM NaCl. Figure 6 (a) -(c) shows the transition rate on a logarithmic scale as a function of inverse temperature (Arrhenius plot). The equilibrium between states does not change appreciably within the temperature range studied (data not shown) and the transition rates plotted are the sum of k f and k b obtained from autocorrelation analysis because transitions between states are too fast for reliable dwell time analysis at the highest temperatures used. Autocorrelation analysis and dwell time analysis gave identical results at lower temperatures. The data shown in the Arrhenius plots are linear within our precision of measurements with the correlation coefficients of 0.99 for all cases, suggesting that the enthalpic and entropic barriers are not significantly dependent on the temperature within the temperature range studied. Therefore, the data have been fitted to the Arrhenius equation
‡ =RTÞ; from which the activation enthalpies (DH ‡ ) have been obtained (Table 1) . Interestingly, the activation barriers are closely similar for all three vectors, with DH ‡ , 22 kcal mol
21
, suggesting that mechanistically similar rate-limiting steps are involved for the interconversions observed using the three vectors. , the bias to the high FRET states increases for all vectors. The net result is that the sum of probabilities of the high FRET states for all three vectors well exceeds 100% calculated both by dwell time analysis and measurement of rate constants (145% and 150%, respectively; Table 2 ). This indicates that the high FRET states of the three vectors are not mutually exclusive and the model shown in Figure 1 does not fully describe the behaviour of the junction. Thus stacking is not complete in the presence of Na þ alone, whereby the unstacked form could spend a portion of the time in a conformation that places the fluorophores in proximity, creating an apparent bias towards the high FRET state. 
Dependence of transition rates on Na

Na
þ alone can stabilise various conformations, as seen from the slower fluctuations at higher Na þ concentrations. To explore the effect of monovalent ions in the presence of Mg 2þ , we studied how the kinetics of the AB vector depend on Na þ concentration at various Mg 2þ concentrations (Figure 8 ). In the absence of Mg 2þ , the dependence of transition rates as a function of Na þ is similar to that for Mg 2þ ; at high cation concentration, transition rates become slower. However, the actual rates are significantly higher in the presence of Na þ , compared to those in Mg 2þ . In the presence of 2 mM Mg 2þ , Na þ at low concentrations increases the transition rates, but this effect is reversed above 200 mM Na þ . A similar behaviour occurs in the presence of 20 mM Mg 2þ , but the turning point is shifted to higher Na þ concentration. It appears that Na þ induces the RNA junction to fold in a similar manner to Mg 2þ , but the efficiency is much lower for the monovalent ion. At low concentrations, Na þ can screen the interactions between Mg 2þ and the junction, leading to a destabilisation of the stacked structures and an acceleration of the conformational transitions.
Discussion
We have shown that the 4H junction derived from the hairpin ribozyme interconverts between the parallel and antiparallel forms of both stacking conformers. In a previous study of the hairpin ribozyme and its junction 5 we were able to identify one of the four states, but the other three could not be resolved. By measuring changes in FRET of the AB and AD vectors we have directly observed transitions to and from the antiparallel forms of both stacking conformers. Changes in FRET of the DB vector have revealed transitions between parallel and antiparallel forms. Although we cannot resolve stacking conformers with this vector, it seems reasonable to assume that both stacking conformers can adopt a parallel conformation. Transitions between states occur within the time resolution of our apparatus (33 ms) with no observable intermediate.
Previous steady-state ensemble studies have found that the binding of a Mg 2þ to the junction produces an increase in the FRET of the AB vector, consistent with the stabilisation of the antiparallel, D on A conformer. 17, 22 Our studies have shown that there is indeed a stabilisation of this conformer, but that much of the increase in ensemble FRET is due to an increase in the FRET of this conformer with increasing Mg 2þ . This may be due to a bound Mg 2þ stabilising a structure with a reduced distance between the fluorophores in the AB vector.
In principle, each observable transition between high and low FRET states might result from a rotation between parallel and antiparallel forms without unstacking of the helices, or from passage through an unstacked open intermediate (Figure 9(a) ). It is therefore important to understand to what extent rotation and unstacking contribute to the dynamics of the 4H junction. Although the full kinetic scheme is too complex to solve, we can consider special cases. If k rotation q k unstack then the kinetic scheme simplifies to that in Figure 9 (b). In this case, Figure 4 ), so we may conclude that unstacking makes a significant contribution to the observed rates. If k rotation p k unstack then the kinetic scheme simplifies to that in Figure 9 (c). Then it can be shown that k f_AB , k b_AD þ k b_DB : Equivalent relationships exist for k f_AD and k f_DB : Each is true at all Mg 2þ concentrations. However the reverse relationships (k b_AB , k f_AD þ k f_DB ; and the equivalent for k b_AD and k b_DB ) are not fully satisfied by our data. Thus, this simplified scheme does not account for our data. Either rotation or partial unstacking could contribute to the mechanisms of interconversion. However, as our data more nearly satisfy the conditions for k rotation p k unstack ; and given the equivalent activation enthalpy for each vector at 20 mM Mg 2þ , it seems likely that unstacking makes the more significant contribution. If so, the observed k b values will approximate the true rates of unstacking.
The most pronounced effect of Mg 2þ on the dynamics of the junction is a significant decrease in the rate of transitions with increasing Mg 2þ concentration. Presumably Mg 2þ stabilises the stacked conformations making the unstacking of helices less likely, thereby slowing the conformational transitions. All three vectors show similar behaviour in both forward and reverse directions, giving a linear decrease in rate with increasing Mg 2þ concentration in a log -log plot (hence a power law dependence), except at very high Mg 2þ concentrations where the slope is reduced. Mg 2þ increases the overall ionic strength, and can also bind at specific sites. We suggest that both mechanisms are responsible for the effects of Mg 2þ on transition rates, with the specific binding of Mg 2þ resulting in the change in behaviour at high concentrations. In the presence of monovalent ions the transition rates are higher, and there is a significant population of the unstacked conformation. This indicates that the stacked structure is less energetically favoured in the absence of divalent cations.
Single-molecule FRET analysis shows that the 4H RNA junction is highly polymorphic and dynamic. The behaviour of the RNA junction bears remarkable similarity to that of the DNA four-way junction in that the rates of conformational transitions are strong functions of cation concentrations, accelerating at lower Mg 2þ concentrations. 15 A major difference, however, exists between the DNA and RNA four-way junctions. While parallel conformations can be stably populated in the RNA case, no evidence for parallel conformations has been observed in similar single-molecule experiments on a DNA junction (C. Joo, S. A. McKinney, D.M.J.L. & T.H., unpublished observations). This probably results from the stabilisation of the antiparallel structure by the favourable backbone-major groove interaction for the DNA structure, which is not available to an A-form helix.
The four-way junction of the hairpin ribozyme samples both parallel and antiparallel structures, The colouring of the strands matches that used in Figure 1 . (b) An antiparallel 4H junction that exists in the RNaseP RNA. 26 (c) A parallel 2HS 1 2HS 2 junction formed by helices 94 to 97 of the 23 S rRNA in the 50 S ribosomal subunit. 30 The formally unpaired bases are coloured grey in this representation.
as well as both stacking conformers. It is likely that all 4H RNA junctions will exhibit similar conformational flexibility. However, the exact relative populations of the different species are expected to be dependent on local sequence at the branch point. For the hairpin junction the major conformer is the antiparallel structure with D on A stacking, which is the form that juxtaposes the loops of the complete ribozyme. We have shown that it is this presentation of the loops that results in acceleration of the folding of the ribozyme by three orders of magnitude. 5 Conversely, the interaction between the loops in the fully folded ribozyme locks the junction in the antiparallel form, as seen in the crystal structure of the ribozyme 23 ( Figure 10(a) ). Another example of a 4H junction is found within the specificity domain of the RNA of RNaseP; one arm has a bulged nucleotide after a single basepair, but this does not interact with the junction. In the recent crystal structure 24 it can be seen that this junction is antiparallel (Figure 10(b) ), and quite similar conformationally to the hairpin junction (Figure 10(a) ). Thus there appears to be a tendency for 4H RNA junctions to adopt the antiparallel structure, in agreement with earlier ensemble solution studies (Table 2) . 14, 17, 25 The significant populations of minor forms observed in the hairpin junction indicates that they do not differ greatly in free energy from the major antiparallel form, and thus could be stabilised by additional factors. These could include the presence of additional unpaired bases close to the junction, by tertiary interactions and by the binding of proteins. We have recently made a study of the 2HS 1 2HS 2 four-way junction (helixhelix -(extra unpaired base) -helix-helix -(two extra unpaired bases)) 9 of the hepatitis C virus IRES element. 26 Time-resolved FRET experiments indicate that this junction has approximately equal populations of parallel and antiparallel forms in the presence of divalent metal ions. This junction has been crystallised in an almost side-by-side parallel conformation, 27 suggesting that the crystallisation process has drawn the equilibrium into the parallel form. Further evidence for flexibility of RNA junctions can be seen by examination of other four-way junctions observed in crystal structures. A number of four-way junctions occur in 23 S rRNA. Almost none is a 4H junction, and the great majority adopt a parallel geometry. 28 For example, a four-way junction that occurs towards the 3 0 end of the 23 S rRNA is (like the IRES junction) a 2HS 1 2HS 2 junction. This adopts a parallel conformation in the 50 S ribosomal subunit (Figure 10(c) ). 28 The structure appears to be stabilised by unpaired adenine bases on the crossover strand, forming an A-minor interaction in the groove of the junction at the point of strand exchange; the conformation could also be affected by tertiary interactions, and the binding of proteins. Similar A-minor interactions apparently stabilise the parallel forms of the IRES junction 29 and of another four-way junction (in which one "helix" is a single base-pair) that binds the ribosomal L11 protein, 29, 30 where protein-RNA interactions are also important.
In summary, the analysis of the 4H junction of the hairpin ribozyme shows a bias towards the antiparallel form of one stacking conformer but other conformations are still significantly populated. Interconversion between different conformations is rapid, occurring at least several times a second under physiologically relevant conditions. This highly polymorphic and dynamic structure may provide an ideal platform for Nature to operate on, that is, either additional structural elements within the RNA or protein cofactors may selectively stabilise a particular conformation desired for biological function.
Materials and Methods
Preparation of RNA junctions RNA was synthesised using t-BDMS chemistry, except for Cy-5 labelled species, which were purchased from Dharmacon. The 4H junction derived from the hairpin ribozyme was assembled from oligonucleotides of the following sequences (all written 5 0 to 3 0 ): Lowercase letters denote 2 0 -deoxyribonucleotides. The appropriate four strands required to generate a particular vector were annealed by heating the strands to 70 8C in 10 mM Hepes (pH 7.5), 50 mM NaCl, followed by slow cooling to room temperature. To ensure that all of the Cy3-labelled strand is incorporated into complexes comprising four strands, the concentrations of the other three strands were in 20 -50% excess. Non-denaturing gel electrophoresis has shown that the concentrationlimiting strand is fully incorporated into four-strand complexes under these conditions.
Single molecule experiments
A narrow channel was made between a cleaned quartz microscope slide (Finkenbeiner) and a coverslip using double-sided adhesive tape. RNA was attached to The probabilities of a vector being in the high-FRET state calculated from rate constants and dwell times are also shown.
the surface by successive additions of 40 ml of 1 mg/ml biotinylated BSA (Sigma), 40 ml of 0.2 mg/ml streptavidin (Molecular Probes) and 40 ml of 10 -50 pM biotinylated RNA in 10 mM Tris -HCl (pH 8.0), 50 mM NaCl (TN buffer). Each addition was incubated for ten minutes, and followed by washing with TN buffer. The concentration of the RNA solution was adjusted to give good surface density for single-molecule experiments. After checking that fluorescent spots were well separated from one another, we injected 60 ml of 10 mM Hepes (pH 7.5) with salt concentrations given in the text, and an oxygen scavenging system composed of 6% (w/v) glucose, 1% 2-mercaptoethanol, 0.1 mg/ml glucose oxidase (Sigma) and 0.02 mg/ml catalase (Sigma). The surface density of RNA molecules did not decrease significantly over several hours, suggesting that nuclease contamination is minimal. The wide-field microscope is based on an inverted microscope (Olympus IX70) with a 60 £ water immersion objective with numerical aperture of 1.2 (Olympus, Melville, NY) and an intensified CCD camera (Intensified Pentamax, Roper Scientific, Trenton, NJ) 31 that can record both the donor and acceptor intensities from several hundred single molecules simultaneously. Solid-state 532 nm lasers (Crystalaser) were used to excite the molecules via an evanescent field generated using a prism. Data were acquired using software written in Visual Cþþ (Microsoft). The time resolution of data acquisition was either 100 ms or 33 ms, depending on the observed rate of conformational transitions. Two time bins gave identical rates for slow conformational transitions. The temperature of the sample was regulated with a water-circulating bath (Neslab) flowing to copper tubing in contact with (i) a home-built brass collar on the objective, (ii) the plate that holds the sample cell, and (iii) metal pieces holding the prism. The temperature was measured with a thermocouple sandwiched between a quartz slide and coverslip and placed on the microscope in place of the sample. The error in temperature measurement is estimated to be less than 1 deg. C.
Determination of rates by dwell time analysis and auto-correlation
After correcting for donor leakage into the acceptor channel, the apparent FRET efficiency E app was calculated using E app ¼ I A =ðI A þ I D Þ; where I A and I D are the intensities of the sensitised emission of the acceptor and the donor emission, respectively. Histograms of dwell times of high and low-FRET states were generated using data acquired from approximately 200 molecules. These were fitted by an exponential decay function to obtain rate constants (k f and k b ). For temperature dependence studies, auto-correlation analysis was used to obtain the rate constants. An E app time trace, E app ðtÞ; was made by combining data from more than 40 molecules under each condition. The auto-correlation function was calculated according to Ð E app ðtÞE app ðt 2 DtÞdt: For a two-state fluctuation, the auto-correlation function ACðDtÞ takes the form A e 2Dt=t where t is the correlation time and is an inverse of the sum of the forward and backward rates.
